The evolution of magnetic domain structure in epitaxial La 0.625 Ca 0.375 MnO 3 films on (001) NdGaO 3 is monitored as a function of temperature and magnetic field using Magnetic Force Microscopy. We see two distinct regions of magnetic orientational order; one in-plane displaying contrast-less image and the other tilted away from the film plane forming a distinct stripe pattern.
Magnetic domains (MDs) in ferromagnetic films arise from the requirement of minimization of the total magnetic free energy consisting of magnetic interactions of both local and non-local nature.
1 The epitaxial films of La 1−x Sr x MnO 3 (LSMO) and La 1−x Ca x MnO 3 (LCMO) provide suitable platforms to see rich magnetic textures because of the coupling between the charge, spin, orbital and lattice degree of freedom, 2 which connect to the various components of the magnetic free energy functional, and are affected significantly by epitaxial strain. The latter is a powerful tuning parameter as these oxides can be grown epitaxially on a large number of single crystal substrates which impart varying degree of strain, depending on the lattice mismatch. Due to the magnetoelastic coupling these elastic strains can induce magnetic anisotropy in the film, whose magnitude depends upon the magnetostriction constants and the amount of stress in the film. Typically the value of stress induced anisotropy lies within 10 4 -10 5 Jm −3 for thin films of various manganites. [3] [4] [5] Moreover the intrinsic magnetocrystalline anisotropy is in the order of ∼ 10 3 Jm −3 , which is quite small as compared to the stress induced anisotropy. 5 Thus the strain plays an important role in determining the magnetic properties of the epitaxial films. The compounds LCMO and LSMO are pseudocubic perovskites with lattice parameters in the range of 0.386-0.389 nm in the unstrained form. The commonly used substrates for epitaxial growth of these oxides are LaAlO 3 (LAO), SrTiO 3 (STO) and NdGaO 3 (NGO). While LAO provides an isotropic in-plane compressive strain, which results in out-of-plane easy axis and maze-like domains, the films on STO have the easy axis lying in-plane due to in-plane tensile strain and thereby form planar domains.
6
The orthorhombicity of NGO makes the compressive strain anisotropic in the film plane and thus promoting a preferential direction for MD formation. However the imaging of MD structure of the films on NGO has given contrasting results, with observation of both inplane and out-of-plane orientation of magnetization. The details of the thin film growth are described in several earlier publications. 13 The T C In order to address the micromagnetic domain evolution at the boundary region in the vicinity of T C , the MFM images are taken at various temperatures. At T ≤ 240 K, both the phases with domain branching at their boundary are observed (See Fig. 2 ). As the temperature increases to 254 K, the branching disappears, but the stripes remain, though with attenuated intensity. On further increasing the temperature to 261 K, the stripe domains disappear completely in the interior regions; while some magnetic contrast persists at the boundary till 264 K. It is clear that the magnetic order parameter at the boundary is much more resilient to change, suggesting some kind of a pinning mechanism in action. The possible origin of such magnetic inhomogeneity can be found in Ref. [13] , where mesoscale regions with different T C are observed near the artificial grain boundaries in LSMO films grown on bicrystal STO substrates. They have attributed such effect to the spatial variation in the strain, which we believe to be the reason for non-trivial domain pattern seen in our film. A similar resilience of boundary to reorient is observed for in-plane magnetic fields up to ≈ 100 mT.
All these observations can be explained by a simple model in which the film lies on the xy-plane and M has both y and z components in addition to M z oscillating as sin(πx/L) as sketched in Fig. 3(a) . 17, 18 The free energy density E of such a domain pattern can be expressed as:
Here the first term is the exchange interaction energy with A = 1.7×10 −12 Jm −1 . 19 The second term is the uniaxial magnetic anisotropy energy taken up to the fourth order and the next two terms are the short and long range part of dipolar energy with Ω = 
Minimization of Eq.
(1) relative to L and θ m yields an analytical expression for domain period:
where cos θ m satisfies the relation
The stripe domains present in our film can be explained by the canted state of M introduced solely by a non-zero K 2 . 20 The least square fit shown in Fig. 1(a) of the in-plane magnetic hysteresis data yields the anisotropy values of
. 15 In comparison the value of magnetocrystalline anisotropy is at least an order of magnitude smaller. The stress induced anisotropy for biaxial strains can be expressed as K s = 3λσ/2, where λ is the magnetostriction constant and σ is the stress. 4 The stress can be estimated from the product of the Youngs modulus (Y ) and the strain (ǫ Thus, as we move from stripe domain region to CL region where θ m = 0 o , one can expect a subdivision of the stripes. A simple way to explain the mechanism responsible for the change in θ m will be a variation of magnetic anisotropy due to local elastic strains. The minimization of total anisotropy energy along the lines of Ref. [18] under the appropriate strain conditions (ǫ xx ≈ ǫ yy = 0 and ǫ xy = 0) shows a direct proportionality of K's with the in-plane strain, which means higher the compressive strain higher will be the anisotropy and vice versa. All the possible magnetic domain configurations are summarized in Fig.   3 (b) for K 1 /K 2 = 7.9 in our film. We can clearly see that K 1 /Ω = 0.80 is the critical anisotropy value separating planar domains from stripe ones. For K 1 /Ω < 0.80 (region-I), M is completely in-plane whereas the stripe domains with canted M can be observed 
